Both CW and pulsed diode lasers covering the wavelength region 855-912 nm have been investigated for the frequency doubling in KNbO. The influence of the spectral distribution, mode character and the optical geometry of the laser beam have been investigated for several AlGaAs diode lasers. Second harmonic radiation with maximum efficiency of typically 1% has been detected both by temperature tuning CT = 10-130°C , noncritical phase matching) and by angle tuning. Results clearly demonstrate the critical aspects of the laser mode spectrum and the beam geometry as to the phase matching criterion in frequency doubling.
Therefore they are of great commercial interest. With present available Ill-V semiconductor materials the emission wavelength of diode lasers is limited to ' -633 nm at room temperature (-'55O rim at 150 K). Considering the previously mentioned advantageous properties of diode lasers it is obvious that the production of a diode laser emitting in the wavelength region below 633 nm is desirable (diffraction limit, spectroscopic interest). Radiation in the visible region from diode lasers has been obtained indirectly by frequency doubling of diode laser pumped solid state lasers C> 140 mW frequency doubled Nd:YAG at 532 nm is already commercially available [11). Another approach is the direct frequency doubling of diode lasers. At this end several problems arise as there are, the relative low power of the diode laser and therefore a low frequency doubling efficiency, the wavelength stability (temperature, laser current) and the beam geometry of the diode laser. Thus for the frequency doubling of diode lasers a frequency doubling material with large nonlinear coefficients and noncritical phase match (NCPM) possibility is required. At present KNbO3 is the only material known to posses both qualities. The intention of this paper is to give a review of all parameters of interest considering second harmonic generation (SHG) of A1GaAs diode laser radiation in KNbO3. We have examined SHG of four different types of diode lasers both CW and pulsed, single and multi mode. The wavelength region covered was 855-912 nm.
Theory 2 . 1 General theory
In case of optimum focusation and noncritical phase matching in a crystal of length L, nonlinear coefficient djjk and refractive index n it is found for the efficiency Ti of the power conversion from fundamental P(w) into second harmonic (SH) radiation P(2w) [ The SH power is effectively generated over the coherence length l, with l = 2ir/k.
In case l << L Makerfringes [4] are observed when varying the argument of the sincfunction. In case l >> L so called phase matching occurs and SH radiation is generated over the full length of the crystal. In the latter case birefringence may be used to compensate for the dispersion of the crystal. Phase matching (PM) only takes place within a limited interval of wavelengths and propagation directions. For this a suitable criterion is [3], sinc2(Ak(X)'L/2) ? 1/2 = AkL/2 1.39 (2) It then follows for the acceptance bandwidth, Potassium niobate is a perovskite type of ferroelectric. Within the temperature range -40 °C to 225 °C the crystal is orthorhombic, point group symmetry mm2 (C2) and thus optically bi-axial. The KNbO3 crystal is ferroelectric to 435°C it contains numerous spontaneously polarized domains. By poling the crystal it is possible to obtain a single domain crystal [5] .
Because of the crystallographic structure of KNbO3 the nonlinear polarization reduces to [2) ,
The axes a, b and c are the principal dielectric axes. They are directly related to the crystallographic axes x, y and z via an orthogonal transformation.
Type I NCPM is considered. The propagation direction of the fundamental beam is along one of the optic axes. The fundamental and harmonic wave are then polarized along the other two optical axes. Considering (5) it can be seen that only two possible situations for type I NCPM remain using the d31 or the d32 nonlinear coefficient. For the d15 and the d24 nonlinear coefficients only type II PM is possible (in the far infra-red). For the d33 nonlinear coefficient no PM can be achieved because the birefringence can not be used to compensate for the dispersion. Figure 2: Propagation direction for PM as a function of the fundamental wavelength.
We have calculated the acceptance bandwidth AA, the angle of acceptance Ai, the PM angle pm as a function of the crystal temperature T, the temperature Tncpm at which NCPM is possible and the SH power as a function of the angle of incidence and as a function of the crystal temperature. Thus results from measurements are compared to theoretical expectations. A1GaAs has large nonlinear coefficients therefore SH radiation is generated in the laser itself. Only a small fraction of this radiation generated near the output facet within the absorption length is emitted. For two diode lasers the optical power of this radiation was measured, STC LT 40-82 -P1
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Regarding the optical power of these lasers (table 1) P2/P1 10 could be expected. The deviation from this value is due to the fact that the active lasing area of this CW laser is much smaller than that of the pulsed laser. Therefore the power density in the pulsed laser is less than in the CW laser.
The power levels measured are negligible compared to the actual SH power as generated in the potassium niobate crystal. A monochromator (Bentham) was used in combination with a photo multiplier tube (PMT, Hamamatsu R 1463-01) to measure the SH spectrum. To achieve optimum illuminating of the monochromator grating and therefore optimum resolution an objective with the same NA (0.12) as the monochromator was positioned before the monochromator.
Measurements on the SHG in KNbO3 were performed under the condition of maximum achievable power except for some measurements on the detection of Makerfringes which demand a beam of small angular spread for which a diaphragm was used. Positions and focal lengths of the lenses used were determined experimentally. The theoretically expected PM conditions for the several lasers are given in From figure 7 it can be seen that the acceptance bandwidth X 0.09 nm which is in reasonable agreement with the theoretically obtained value (table 2) . The linewidth of the fundamental mode is. within the resolution of the monochromator.
The SH signal as a function of the angle of incidence was measured for T = 13.5°C
(NCPM, figure 8a ) and for T = 13°C (critical PM, figure 8b). For the situation of NCPM it can be seen that the angle of acceptance is 2.7°t his again is consistent with the calculated value. The beam divergence was measured to be 2.7° therefore the whole input beam is just within the angle of acceptance. As could be expected in case of critical PM the angle of acceptance is much smaller.
Makerfringes were detected for propagation directions close to the PM angle the (figure 9). Experimental and theoretical data are in good agreement. 
temperature
The optical power emitted from the laser is 30 mW. From this 25.5 mW enters the crystal. Because the linewidth of the fundamental mode is within the acceptance bandwidth i t may be concluded that 25 .5 mW of fundamental power is wi thin the PM condition. SH power emerging from the crystal was measured to be P(2w) 1.7 MW, in this value losses between crystal and detector were taken into account. The efficiency is defined as the ratio of the SH power emerging from the crystal and the fundamental power incident on the crystal within the PM condition.
So ii = P(2w)/P(w) 71O.
The CW diode laser Philips CQL63
To measure the SH spectrum the aperture of the diaphragm (figure 6) was reduced. Thus the beam incident on the crystal was almost parallel and the SH spectrum is a measure for the acceptance bandwidth. The spectrum for NCPM is shown in figure ha. No Makerfringes could be detected. If the diaphragm is opened several modes of the fundamental beam are incident on the crystal. It can be calculated that because of the angular and spectral spread of the fundamental beam the modulation depth of the generated fringes is almost zero. For a diaphragm with reduced aperture the fundamental power (one mode, -"0.25 mW) incident on the crystal is too low for the detection of SH radiation at non phase match condition.
The SH signal around the PM angle was measured at T = 25°C and at T = 44.5°C In case of NCPM approximately 2 modes of the fundamental beam are within the acceptance bandwidth. This corresponds to a fundamental power P(w) = 0.5 mW (losses between laser and crystal were taken into account). Considering the difference in acceptance bandwidth for the cases of NCPM and critical PM (figure lib and lic) possibly for the case of a beam with considerable angular and spectral spread the frequency doubling efficiency needs not to be at a maximum for NCPM. The angular spread is 3° and thus almost completely within the angle of acceptance.
The SH power at NCPM was measured, P(2c) = 2. 3 nW.
Thus i = P(2w)/P(w) = 4.5.1O6. From the measured values of conclude that P(w) 0.6 W power measured was P(2ø) the acceptance bandwidth and the angle of acceptance we of fundamental power is within the PM condition. The SH 0.6 mW.
Thus, ii = P(2w)/P(w) iO. probably not realistic and may be the explanation for the difference between measured and calculated values of the efficiency. Previously it has been found by 8.010 2.9.102 P. Günter [3, 6] flmeasured/T?theory 8.1 which Is comparable to our result for the STC LT4O-82 and the RCA SG2012 diode lasers. For the Philips CQL63 CW and the STC LJ3O diode lasers the ratio of the measured and the theoretically obtained values for the efficiency was in our case more appropriate. The highest efficiency was obtained for the STC LJ3O pulsed diode laser, ip 0.8%. The maximum achievable generation of SH power was most easily obtained for both pulsed lasers because of their broad and continuous spectrum and the high peak power. Therefore the PM condition is less dependent of the angle of incidence (or angular spread) and of the temperature of the crystal. Because of their broad spectrum only a small part of the fundamental radiation from these pulsed lasers is within the PM condition. The repetition frequency of the pulsed lasers was 10 kHz therefore the CW equivalent efficiency is by a factor 2000 less than the efficiency quoted in table 3. Due to these effects the CW equivalent efficiency of the pulsed lasers is less than the efficiency of the CW lasers. In case of direct frequency doubling of diode laser radiation the efficiency can be enhanced by using more powerful narrow bandwidth lasers and longer KNbO crystals.
Cons ider ing the smal 1 acceptance bandwidth ( 8iiôX , figure 1 ) at NCPM re lated to the considerable angular spread of the laser beam possible enhancement of the SHG efficiency can be obtained by PM at angles somewhat deviating from perpendicular incidence. To achieve even considerable higher efficiencies intra cavity frequency doubling has been employed [71. Recently efficiencies up to 17% have been reported.
